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     The operation of the 2 mm microwave superheterodyne interferometer, which allows to measure the linear 
electron density (average over the line of sight through the plasma) at the Uragan-2M stellarator is presented. 
Compared with the previously used 8 mm interferometer, this diagnostic does significantly expand the limits of the 
measured density of electrons which is now increased up to the value of 2.43∙1020 m-3. Optimized receiving and 
transmitting waveguide line provided a significant reduction in attenuation of the microwave radiation introduced 
into the plasma. It ensures that the presented experiments the value of the minimum measured density does not 
exceed 1.5∙1016 m-3. It is shown that for the different plasma discharges this system which have a high signal-to-
noise ratio and high time resolution of the detector allowed to measure the “global” quasi-coherent fluctuations of 
the plasma density in the frequency range of 3…20 kHz. 
     PACS: 42.25Bs, 42.30Rx, 42.68Ay, 42.82Et, 55.25Os, 52.40Db, 52.55.Hc, 52.70 –m, 52.70.Gw, 92.60Ta 
 
INTRODUCTION 
     For many decades the microwave interferometry is 
primarily a method for measuring the refractive 
properties of the fusion plasma, which in turn depends 
on the density and frequency of collisions. Because of its 
simplicity, interferometers operating in the microwave 
range are commonly applied [1-3]. For the small value of 
plasma collision frequency compared to the plasma and 
operational (interferometer outgoing) frequency (νeff 
<<ωp<<ω) the electromagnetic wave suffers almost no 
attenuation when passing through the plasma. Thus, 
only the knowledge of the phase evolution needed to 
measure the electron plasma density. In this case, there 
is a linear relationship between the average plasma 
density (ne) and the magnitude of the phase shift (φ) as a 
result of the passage of electromagnetic wave through 
the plasma column in the perpendicular direction. 
     Previously (2010-2016) the very same interferometer 
system was operated at the older IPP stellarator device 
Uragan-3M and it operation and performance 
description could be found elsewhere [4, 5]. 
 
Key technical characteristics of the 140 GHz 
superheterodyne interferometer 
 
operating frequency, GHz 140 
output power of the radiation source, mW 40 
receiver noise figure (less than), dB <12.1 
dynamic range of the receiver input signals 
with automatic gain control (AGC), dB 
 
>40 
amplitude of the I-Q channels signals 
proportional to sin (φ) and cos (φ), V 
 
4±0.1 
receiver bandwidth, MHz 1 
operational phase drift (at most), ºС/ hour ± 2.5 
phase measurement range, degree 0…360 
phase angle between the I-Q channels at the 
quadrature mixer, degree 
 
90±2 
 
     The measured phase change relationship on 
operational and plasma parameters can be represented 
as following formula: φ=πnel / (λ ncr), where l – width of 
the plasma column (in some cases the diameter of the 
vacuum chamber could be used instead); λ – wavelength 
of operation (for corresponded interferometer probe 
frequency ω); ncr – critical density for the outgoing 
wave frequency. 
      It is well known that there exists density limit of 
plasma in tokamak and stellarator operation. For the 
heliotron/stellarator research one of the main 
operational parameters is the so called “density Sudo 
limit”. It is the empirical scaling of the density limit 
obtainable under the optimum plasma 
production/heating condition. In general, this limit [8] is 
calculated from the balance between input power and a 
radiated power loss and could be represented by a 
simple formula for the stellarator-heliotron devices as: 
 
,      (1) 
 
where, P is absorbed power (MW), B is the magnetic 
field strength on the plasma axis (T), a is averaged 
minor radius (m) and R is major radius (m). 
     It is worth mentioning that the design of the 2 mm 
interferometer has been adjusted to the requirements of 
the Uragan-2M (U-2M) torsatron expected average 
electron plasma density is in the range of 
1018 ≤ <ne> ≤ 2∙1019 m-3, and the width (ellipse radii) of 
the plasma column is 0.2...0.45 m, thus, the operational 
frequency of interferometer equal to 140 GHz (2 mm) 
will be sufficient to operate and not to achieve the Sudo 
limit value of . The 
corresponding critical density for this frequency is 
2.43∙1020 m-3. This critical density is one order higher 
than that is obtained via empirical Sudo formula (1). 
The main characteristics of microwave interferometer 
system provided in the Table above. 
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Fig. 1. Functional diagram of superheterodyne interferometer 
 
1. INTERFEROMETER SET-UP 
     The interferometer with high time resolution has 
been made as a circuit with a local oscillator based on 
280 GHz prototype system [6]. It involves two main 
components: a radiation source and a high receiver with 
a quadrature detector. A simplified block diagram of the 
microwave interferometer is illustrated in Fig. 1. The 
detailed circuitry characteristics and operation was 
described in [9]. To measure the phase shift, a 
heterodyne detection technique is used. As a summary 
we have to point out that the output of the receiver is 
produce simultaneously two analog signals (so called I-
Q detection) which are presented in the form 
Q=C∙sin(φ); I=C∙cos(φ) Here C is some constant. Thus, 
the main feature is that they have equal amplitude 
dependence. The phase φ conversion is very fast 
straightforward procedure, through a combination of 
two simple algebraic functions arctangent φ=tan-1(Q/I) 
and unwrapping (the function that monitors the number 
when the phase value changes by 2π). Taking into 
account that video receiver bandwidth is 1 MHz, the 
highest possible value of measurable plasma density 
fluctuations frequency is up to 500 kHz. 
     To reduce the attenuation in plasma of the 
microwave beam a new waveguide system was 
assembled. All of the waveguide runs to and from the 
microwave interferometer chassis are composed of 
WR28 rectangular copper waveguide 
(0.356X0.711 cm). The number of the 90 degree turns 
became three time smaller. At the designated vacuum 
port, the input flange position has been optimized. The 
waveguide system has been rearranged to forms one 
straight line with the interferometer output (for WR-28 
waveguide the attenuation of the straight section is 
0.576 dB/m). This waveguide optimization significantly 
improves (four times) the output signal-to-noise ratio 
level. 
 
2. INTERFEROMETER OPERATION 
DURING RF PLASMA PRODUCTION AND 
WALL CONDITIONING 
     Probing a U-2M plasma provided by the ordinary 
polarized wave (the wave Ewave||B0), this is done by the 
launching/receiving horn antenna orientation with 
respect to the magnetic field) through horizontal 
equatorial port along the small axis of the elliptical 
shaped magnetic plasma surfaces. This imply, that the 
microwave beam is extending in the perpendicular 
direction only. The launching antenna is located on the 
inner of the vacuum chamber edge plane (Fig. 2) at the 
low magnetic field side (radial position R=204 cm). 
Using horizontal small circular ports, the location of the 
pyramidal horns (receiver and detector side) at the radial 
position R = 136 to 204 cm is provided. One quarter of 
the millimeter thick, fused-quartz windows are 
incorporated in the waveguide to waveguide vacuum 
interface used to transmit microwaves through the 
vacuum ports. Both antennae are placed at the vacuum 
side. 
 
Fig. 2. The interferometer beam line arrangement 
crosses the vertically elongated plasma. The position of 
the line of sight is shown with red arrow. The vacuum 
chamber is drawn as a thin circle with center 
coordinate R;Z (170.0; 0.0) 
     The experiments which aimed to show the 
interferometer response during different U-2M 
operational regimes, which are characterized by 
different temporal behaviors of line averaged plasma 
density and its fluctuations. In the case of RF wall 
conditioning discharge of the vacuum chamber surfaces, 
which is held at low magnetic field (0.01 T) and at low 
electron density <ne> ≤ 4∙1017 m-3 were found very 
strong (amplitude modulation depth about 40...80 %) 
'sawtooth-like' coherent fluctuations (Fig. 3), having a 
distinct frequency of 10 kHz. During standard plasma 
discharges with higher magnetic field 0.35 T and with 
significantly higher (one order) electron density 
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<ne> ≈ 4.5∙1018 m-3 a clearly visible and quasi-coherent 
fluctuations are observed (Fig. 4). They have a wider 
frequency range (from 3 to 21 kHz) and a smaller 
amplitude modulation (10... 20 %). 
 
Fig. 3. The temporal behavior of line average density 
and corresponding density fluctuations during RF 
cleaning discharges 
     Fluctuations of electron plasma density, measured by 
microwave interferometer for some plasma conditions 
very well correlated with those measured by other sets 
of diagnostics, i.e. spectroscopic measurements in the 
optical and X-rays range [5, 10]. 
  
Fig. 4. The temporal behavior of line average density 
and corresponding density fluctuations during RF 
cleaning discharges 
 
3.  PLASMA BREAKDOWN TIMING 
DURING RF PLASMA PRODUCTION 
     Due to the geometric dimensions of U-2M plasma 
(lu2m = 0.44 m) and critical density ne,cr = 2.4∙1020 m-3 of 
electrons to the which corresponds to the probing 
frequency of 140 GHz it is possible to estimate the 
value of minimal detectable density that may be 
measured. This estimation could be done using the 
following expression: 
.                (2) 
If the accuracy of the phase of no more than one degree, 
then (using formula 2) the smallest electron density 
value is ne,1°=4.24∙1020 m-3. For the U-2M practical ad 
hoc experimental setup the attenuation of the launching 
microwave power by the launching/receiving waveguide 
system increases this figure three times and gives (using 
formula 2) a practical value of the minimal detectable 
density of electrons close to ne,min=1.3∙1016 m-3. The 
ability to measure such a low plasma density made it 
possible to determine the time of global breakdown of 
the plasma during RF production technique. The initial 
stage of the plasma production discharge (B0=0.35 T, 
pH2=1.4∙10-5 Torr) is presented in the Fig. 5, from which 
it is clearly seen (the plot is produced in 
semilogarithmic scale) the defined timing when the 
signal of the average density starts to exceed the noise 
fluctuations level. 
 
 
Fig. 5. The temporal behavior of line density and timing 
of the global plasma breakdown in U-2M 
CONCLUSIONS 
     A 2 mm wave (140 GHz) compact superheterodyne 
interferometer greatly improves diagnostic capability on 
U-2M, enabling measurement of densities in excess of 
1019 m−3. Starting from the beginning of 2016 U-2M 
experimental campaign a single central chord system is 
in routine operation and its measurements provide 
reliable information on electron plasma densities and its 
fluctuations (up to 20 kHz) for the various operational 
regimes at low and intermediate plasma densities.  
     During described set of the hydrogen plasma 
experiments the interferometer operates up to a peak 
density of 8∙1019 m-3 with a temporal resolution of 5 μs. 
The designed maximum parameters are 2.4∙1020 m-3 and 
1 μs.  
     The interferometer system on U-2M has been 
successfully used to measure the equilibrium line 
averaged density and density fluctuations. Since the 
density fluctuation measurement is line-integrated, 
information on core localized effects can only be 
inferred by comparing edge and central chords 
regarding wave guide system orientation, sampling and 
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data transmission rates can be used at new locations. 
High system versatility means that the system can be 
easily adapted to other devices than Uragan stellarators 
and operate at various possible configurations.  
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ВЫСОКОСКОРОСТНОЙ 140 ГГц МИКРОВОЛНОВЫЙ ИНТЕРФЕРОМЕТР ДЛЯ ИЗМЕРЕНИЙ 
ФЛУКТУАЦИИ ПЛОТНОСТИ В СТЕЛЛАРАТОРЕ УРАГАН-2М 
Р.О. Павличенко, Н.В. Заманов, A.Е. Кулага и команда Ураган-2М 
    Описана работа микроволнового супергетеродинного интерферометра 2 мм, позволяющего измерять 
линейную электронную плотность (среднюю после прохождения через плазму) на стеллараторе Ураган-2М. 
По сравнению с ранее используемым 8-миллиметровым интерферометром эта диагностика значительно 
расширяет пределы измеренной плотности электронов, которая теперь увеличена до значения 2,43∙1020 м-3. 
Оптимизированная волноводная линия приема и передачи обеспечивала значительное уменьшение 
затухания микроволнового излучения, вводимого в плазму. Это гарантия того, что для представленных 
экспериментов значение минимальной измеренной плотности не превышает 1,5∙1016 м-3. Показано, что для 
различных плазменных разрядов эта система, которая имеет высокое отношение сигнал/шум и высокое 
временное разрешение детектора, позволяет измерять «глобальные» квазикогерентные флуктуации 
плотности плазмы в диапазоне частот 3...20 кГц. 
 
ВИСОКОШВИДКІСНИЙ 140 ГГц МІКРОХВИЛЬОВИЙ ІНТЕРФЕРОМЕТР ДЛЯ ВИМІРЮВАНЬ 
ФЛУКТУАЦІЇ ГУСТИНИ В СТЕЛАРАТОРІ УРАГАН-2М 
Р.О. Павліченко, М.В. Заманов, A.Є. Кулага та команда Ураган-2М 
     Описана робота мікрохвильового супергетеродинного інтерферометра 2 мм, що дозволяє вимірювати 
лінійну електронну густину (середню після проходження крізь плазму) на стелараторі Ураган-2М. У 
порівнянні з 8-міліметровим інтерферометром, що використовувався раніше, ця діагностика значно 
розширює межі виміряної густини електронів, яка тепер збільшена до значення 2,43∙1020 м-3. Оптимізована 
хвильопровідна лінія прийому і передачі забезпечувала значне зменшення затухання мікрохвильового 
випромінювання, що вводиться в плазму. Це гарантія того, що для представлених експериментів значення 
мінімальної виміряної густини не перевищує 1,5∙1016 м-3. Показано, що для різних плазмових розрядів ця 
система, яка має високе відношення сигнал/шум і високу роздільну здатність детектора, дозволяє 
вимірювати «глобальні» квазікогерентні флуктуації густини плазми в діапазоні частот 3...20 кГц. 
 
